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1.0 INTRODUCTION

1.1 statement of Problem

The rapidly increasing price of electrical energy

is the primary factor leading to the growing cost of wind

tunnel testing over the last ten years. The rise in cost

has precipitated intensive efforts to reduce the power

consumption of the wind tunnels at the Arnold Engineering

Development Center (AEDC). Of primary concern is the

l6-ft Transonic Wind Tunnel (16T) in the Propulsion Wind

Tunnel Facility (PWT) which is the largest single consumer

of electrical energy at AEDC.

In general terms, a closed-circuit wind tunnel is

a relatively simple thermodynamic machine composed

of ducting and other components which have energy (or

pressure) losses caused by friction, flow direction and

velocity changes, and thermodynamic inefficiencies. The

combination of the energy losses for a particular test

facility geometry (and set of test conditions) determines

the compressor input shaft power requirements and hence is

a primary part of the operational expenses of the test

facility. An accurate determination of the ducting

9
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pressure losses is therefore a very essential step in the

design of an efficient wind tunnel facility.

Numerous individuals have made significant contri­

butions to the calculation of ducting pressure losses and

analysis of wind tunnel losses. Wattendorf laid the

foundation for the analysis of wind tunnel losses in his

t938 publication (Ref. 1). A compilation of wind tunnel

component loss data for subsonic flow was published in

1950 by J. Don Gray of ARO, Inc. Another significant collection

of loss data was published by the Society of Automotive Engineers

(SAE) in 1962 (Ref. 2). In 1968, a computer program was developed

by J. A. Gunn, E. M. Kraft, and M. W. Poole of ARO, Inc., for

calculating ducting system pressure losses. Documentation of this

program also contained a compilation of loss formulae especially

pertinent for wind tunnel applications. An interactive computer

Program for evaluating the performance of wind tunnel test

facilities based entirely on geometric inputs was developed by

Jackson in 1976. The documentation of this program (Ref. 3)

contains an excellent compilation of data and duct loss formulae.

Efforts to reduce the Tunnel l6T pressure losses,

and consequently the energy consumption, primarily involve

the geometric modification of tunnel ducting and/or

10
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components within the tunnel ducting. Before imple­

mentation of such modifications can be justified, a

favorable cost-to-benefit ratio must be established based

on recovery of capital costs through reductions in energy

consumption. In order to assess accurately the impact of

a given modification on the tunnel power requirements, a

mathematical model of the tunnel is needed.

1. 2 Objective

The objective of the present work has been to

develop a mathematical model of Tunnel l6T

which can be utilized to evaluate the net effect of

potential tunnel modifications on the power requirements

of the tunnel. The model consists of two computer programs

hereafter referred to as the Historical Program and the

Analytical Model. The Historical Program accesses tunnel

data files for analysis of the tunnel performance as it

exists and calculates pressure-loss coefficients for each

of the tunnel components. The Analytical Model then

utilizes these loss coefficients for the analysis of

potential changes in tunnel component pressure losses with

respect to the tunnel power. Both programs are

designed for interactive graphics execution from a

Tektronix® graphics terminal.

11
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In Section 2.0, descriptions of the Tunnel l6T facility

and components as well as the supporting systems are pre­

sented. In Section 3.0, the analytical approach is

described and the controlling flow and thermodynamic

equations are developed. In Section 4.0, the modeling

procedure is outlined including the model options and

functional flow diagrams. In Section 5.0, a description of

the analysis of tunnel losses and the application of the

math model for the evaluation of a potential tunnel modifi­

cation is presented. In Section 6.0, conclusions and

recommendations are given.

12
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2.0 TEST FACILITY

2.1 General

The PWT 16-ft Propulsion Wind Tunnel (16T) is a closed-

circuit, continuous-flow facility which can be operated

over a Mach number range of 0.06 to 1.55. The stagnation

pressure in this variable-density tunnel can be varied

from 120 to 4,000 psfa (0.06 to 1.90 atm) depending on the

Mach number. The tunnel stagnation temperature can be

varied from a minimum of 600F (2890K) to a maximum of

1600F (3440K) depending on the available cooling water

temperature which varies with the time of year. The unit

Reynolds number operational regime for Tunnel 16T

is given in Figure 1 for an operating stagnation tempera-

ture of 1100F (800F for M<0.6). Additional information on

the tunnel, its capabilities and operating characteristics

are presented in Ref. 4.

2.2 Tunnel Components, Geometry, and Support Systems

The principal components and dimensions of the

Tunnel 16T circuit are shown in Figure 2. The internal

volume of the tunnel is 1.603xl0 6 ft 3 . The major elements

13
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Figure 2. Components and Dimensions for Tunnel l6T.
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and subsystems of this facility are identified and summa­

rized below.

1. Main Drive System (MDS): The tunnel main

drive system consists of four very large

electric motors having a combined power rating

of 236,000 hp. This includes two 83,000-hp

synchronous motors and two 35,000-hp wound­

rotor induction motors. The system can be

operated up to 115 percent ot the rated power

or 292,300 hp. The induction motors

function to bring the main drive system up to

the synchronous speed of 600 rpm and for

attaining Mach numbers less than 0.6 which

requires subsynchronous variable-speed

operation. Once at 600 rpm, the synchronous

motors carry the majority of the load and

operate at a higher efficiency than the

induction motors.

2. Compressor (Cl): The Tunnel l6T compressor is

a three-stage, axial-flow machine.

It is driven by the system of four

17
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electric motor described above. The

general arrangement of the compressor is shown

in Figure 3~ The design point of the com-

pressor is an inlet volume flow of 200,000 cfs

at a pressure ratio of 1. 385 and an inlet

temperature of 100oF. Aerodynamic design of

the machine is based on the principle of a

constant mean swirl. The blading consists of

inlet guide vanes, interstage stator blades,

rotor blades, and exit guide vanes. The inlet

guide vanes, exit guide vanes, and rotor blades

are cambeiEkcL;tw;isted, and tapered. The inlet

guide vanes and interstage stator blades are

remotely controllable through the limits of

+29 to -17 deg from the design point to allow

specific selection of volume flows throughout

the available range. The most recent per­

formance map for the tunnel compressor is

shown in Figure 4. A more detailed description

of the Cl compressor may be found in Refs.

5 and 6.

3. Cooler (Kl): The Tunnel l6T cooler is a finned

tube, cross-flow air-to-water heat exchange~

which has the purpose of removing the heat of

cbrripression of the main compressor from the

18
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circuit. There are approximately 71 miles of

3/4-inch inside diameter, l/8-inch wall, finned

tubing in the cooler, with a total cooling

6 2surface area of 1.5xlO ft. The water flow

rate to the cooler is controlled through a

series of main and secondary control valves

which provide the desired operating temperature

within the available range. The water flow

rate can be varied up to a maximum of

100,000 gpm. The available cooling water

inlet temperature varies with the month of the

year as shown in Table 1 (average values).

For the operating range of Tunnel l6T, the

minimum stagnation temperature will average

about 200 F above the cooling water inlet

temperature. The maximum allowable operating

temperature is 160oF.

4. Flexible Nozzle: Supersonic Mach numbers in

Tunnel 16T are obtained by using a

flexible-wall, Laval-type nozzle. The contour

of each sidewall is adjusted by 15 sets of

electric-motor-driven jacks (or actuators). A

schematic view of the flexible nozzle indi-

eating the jack locations is shown in Figure 5.

The nozzle contour can be adjusted from the

21
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Table 1. Seasonal Cooling Water Temperatures (Ref. 4)

Water Water
Temperature Temperature

Month of Month of

January 42 July 78

February 45 August 79

March 49 September 77

April 55 October 67

May 66 November 56

June 73 December 47

~, ' ,i

22
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sonic (M=l) contour to the M=1.6 contour in

just over 11 minutes. In traversing this

range the nozzle is set in 50 discrete steps in such

manner as to avoid overstressing the steel nozzle

plates. The nozzle is 54 ft in length, extending

from a l6x32~ft entrance to a l6x16~ft exit.

5. Test Section: The test section

is l6~ft square in cross section and

40-ft long. The entire test section and

supporting structure are constructed as a

separate integral unit which is removable from

the tunnel. When installed in the tunnel the

test section is enclosed by a plenum chamber

which can be evacuated. The test section

walls are perforated with 60-deg inclined-holes

and have a porosity of 6 percent. To alleviate

wall interference and unchoke the test section

at supersonic Mach numbers, plenum suction is

utilized to remove a portion of the test

section flow through>the porous walls. The

test section sidewalls can be either converged

or diverged 1 deg. Two test sections are

available for use in Tunnel 16T. Test

section 1 is used for propulsion and miscel­

laneous tests and can accommodate either

24
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strut-, floor- or sidewall-mounted models.

Test section 2 is used primarily for aero­

dynamic testing and is equipped with a sting

support system.

6. Diffuser: The diffuser, shown

schematically in Figure 6, is an annular-type

diffuser with an effective 3.5-deg half-angle

divergence. The diffuser consists of four

major components: the rectangular section,

the transition section, the conical section,

and the scavenging scoop. The scavenging

scoop is supported by two sets of vertical

struts and a horizontal turnout strut. The

compressor protective screen is presently

mounted from the horizontal turnout strut.

The diffuser is 160-ft long, approximately

16x16-ft square at the inlet, and has a 36-ft

diameter at the exit.

7. Corners: The tunnel flow is routed through a

90-deg bend at four places in the rectangular­

shaped Tunnel 16T circuit. At each corner, airfoil­

shaped turning vanes are used to enhance the

effectiveness of the flow-turning process.

The corners are numbered 1 through 4 as

shown in Figure 2. Corners 1, 2, and

25
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3 are 36-ft in diameter and corner 4 is 55-ft

in diameter. In addition to the vanes,

corner 1 has a lxI-in. mesh, light-duty screen

on the downstream end for compressor protection,

and corner 4 has a wire mesh screen on the

upstream end for particle contaminant control.

8. Atmospheric Drier: The PWT atmospheric drier

provides dry air to the PWT wind tunnels to

reduce the specific humidity of the tunnel air

such that condensation does not affect the

test data. The drier has two 570,OOO~lb

dessicant beds to absorb moisture as

ambient air is indrafted into the tunnel.

Reactivation of the drier is accomplished

using natural gas burners to drive out

the moisture at about 400°F. The

reactivation process typically takes

from 12 to 14 hours to complete.

Summertime operation of the PWT wind

tunnels presents the largest demand on

the drier because of the inherently

higher ambient dewpoints during this

season.

27
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9. Plenum Evacuation System (PES): The plenum

evacuation system is a set of compressors

which are used to support the operation of the

PWT wind tunnels. The PES, which is shown in

Figure 7, is divided into two sections (or

increments) which can be operated either in

parallel or independently. Each increment

contains five 9-stage compressors which can be

operated in parallel or staged in series for

two-stage operations. Compressor units A, B,

D, and E (see Figure 7) each contain two

compressors and units C and F each contain one

compressor. An additional seven-stage machine

in each increment can be used for either two­

or three-stage operations. The power rating

of each increment is 77,500 hPi however, a

continuous service factor of 15 percent allows

an available power of 89,000 hp per increment.

Two support functions for Tunnel l6T operation

are performed by th~"PES which are referred to

as suction flow and pressure control. Suction

flow involves the removal of a portion of the

tunnel main flow through the perforated test

section walls, thereby unchoking the test

section at near sonic speeds and reducing wall
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interference effects. This flow is returned

to the tunnel through the reentry air flaps in

the diffuser. Pressure control pertains to

maintaining the test section stagnation

pressure by either pumping air into the tunnel

or exhausting tunnel air to atmosphere at

stagnation pressures above or below atmospheric

pressure, respectively. The pressure control

function includes the introduction of dry

makeup air into the tunnel to control the

tunnel specific humidity.
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3.0 ANALYTICAL APPROACH

3.1 General

The historical approach to evaluating pressure

losses in ducting systems such as wind tunnels is to divide

the system into basic components and determine the pressure

loss of each component. The pressure loss for

components such as cylindrical sections, contractions,

expansions, corners, screens, etc., are available from

empirical compilations and empirically derived loss

formulae. The total system pressure loss is equal to the

summation of the various component pressure losses.

The approach used in developing the present model

is similar to the aforementioned technique; however, a

different methodology is utilized to assess the component

pressure loss. Rather than dividing the facility into

many discrete elements and calculating losses from

frictional and profile drag using the aforementioned loss

compilations and formulae, the facility is divided into a

small number of components and the loss coefficients are

measured. Tunnel performance is analyzed in the Historical

Program which utilizes standard tunnel data to calculate

the pressure loss of the tunnel components. In the

Analytical Model the component pressure-loss coefficients
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are either taken directly from the Historical Program

results or are varied parametrically as program inputs.

This approach reduces the number of tunnel ducting

components to be analyzed and gives more accurate results

for the total system.

3.2 Tunnel Component Model

For the model of Tunnel 16T, the facility was

divided into the following eight components:

1. Main Drive System

2. Compressor Cl

3. Cooler Kl

4. Test Section

5. Diffuser

6. Corner 1

7. Backleg

8. Plenum Evacuation System

This division of tunnel components was chosen to

be consistent with available tunnel instrumentation and to

allow separation of functional cQ~ponents. The flow

velocity and, hence, pressure loss of corners 2, 3, and 4,

are small and they are, therefore, grouped together in the

backleg component.

The model components are shown in a block diagram

in Figure 8. All of the model components are divided by
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function with the exception of the backleg which

encompasses all of the tunnel components from the exit of

the compressor Cl expansion to the inlet of the test

section, and includes corners 2, 3, and 4, the cooler Kl,

the stilling chamber, and the nozzle. It is noted that,

although cooler Kl is considered separately with regard to

heat transfer, it is considered as an element of the back­

leg for pressure loss. station numbers are assigned to

the component functions as indicated in Figure 8. At the

compressor exit, two station values, 5 and 6, are

assigned; station 5 represents the state point for isen­

tropic compression, and station 6 is the corresponding

point for the actual polytropic compression.

3.3 Flow Equations

The principal concept involved in developing this

model is the conservation of mass and energy within the

ducting system. In addition, the following assumptions

are made:

1. Tunnel walls are adiabatic

2. Steady flow

3. Perfect gas, air: y=1.4;

R=53.35 ft-lbf/lbm-oR

4. One-dimensional flow
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The assumption of adiabatic tunnel walls has been

previously investigated by M. H. Nesbitt of ARO, Inc.

Analysis of results from his study indicates that the

heat loss through the tunnel shell is directly proportional

to the tunnel total temperature. The maximum heat loss

through the shell at a tunnel total temperature of 5aOoR

is around 5 percent. Tunnel 16T is very seldom

operated at total temperatures above 5aOoR; therefore, the

assumption is considered to be valid.

The flow computations start with specified con-

ditions at the test section inlet (station 1). Calculation

of flow conditions at the other tunnel stations is derived

as follows.

The one-dimensional continuity equation for the

tunnel flow process may be written as

W = pAV

The equation of state is

p
p = RT

and the speed of sound, c, is given by the relation

(3-1)

(3-2)

c = 1/2
(YRT)

35
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which for air reduces to

c = 49.0l(T)1/2

The Mach number is defined as

V
M = c

and the isentropic relationship for static and total

temperature in air is

TT = T(l + y-l M2 ) = T(l + 0 2M2 )
2 •.a1.r

(3-4)

(3-5)

(3-6)

Combining Eqs. (3-1) through (3-6) the mass flow can be

expressed as

W = 0.919 PAM(l + 0.2M2 )1/2
(TT)1/2

Introducing the isentropic relationship for total and

static pressure in air

(3-7)

.-:L
y-l 2 y-l

PT = pel + 2 M) . = (3-8)

Equation (3-7) may then be rewritten as

W = 0.919 (PT)AM(l + 0.2M2 )-3.0
(TT)1/2

36
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The mass flow at station 1, the test section inlet,

is calculated using Eq. (3-9) for the specified test

conditions. Assuming that the mass flow change resulting

from pressure control is small, the mass flow is

constant through each tunnel component except the diffuser.

The mass flow through the diffuser is reduced by the flow

removed through the porous walls of the test section. This

flow is returned to the main flow in the middle of the

diffuser, but in the model it is assumed to be returned at the

exit. The flow through the diffuser is given by

W2 = Wl - WP (3-10)

where the subscripts refer to tunnel station numbers, and

WP is the plenum mass flow which is a measured quantity.

The plenum mass flow is typically between 4 and 7 percent

of the tunnel mass flow.

The static pressure at each tunnel station is

measured using available static pressure orifices. In

order to calculate the component pressure-loss coef­

ficient, it is necessary to first calculate the Mach

number and then total pressure at each station. These

equations are derived as follows.
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The stream impulse function is defined as

Introduce the parameter F such that

(3-11)

F(X)1/2
F = R.

W(TT)1/2
(3-12)

Squaring this relation gives

(3-13)

which may be solved for M2 using the quadratic equation

to produce the following equation

M2 = p2 - 2y ~[p4 _ 2(Y+1)p2]1/2
( 2y2 _ (y_1)p2)

Eq. (3-14) reduces to

M2 = -1 + [1 + 2(y_1)W2 ]1/2
(y-1)

using the variable W which is defined as

38
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It can be seen from Eq. (3-15) that only the positive root

will produce a physical realistic (real number) solution.

Therefore, Eq. (3-15) can be written as

M2 = [ (1 + 2(y_l)W2 )1/2 -1]
(y-l)

which for air is

M2 = [ (1 + 0.8 W2 )1/2 -1]
0.40

(3-17)

(3-18)

Solving Eq. (3-18) for M produces the necessary

relation

(3-19)

which is used to calculate the Mach number at each tunnel

station. The total pressure at each station may then be

calculated using Eq. (3-8). The total pressure change

across each component may then be calculated as

(3-20)

The pressure-loss coefficient for each component

is expressed as

CPLRxy =

39
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where the component inlet dynamic pressure is defined as

= '1. P M2 =2 x x (3-22)

Knowing the total pressure and Mach number at each station,

one can calculate all of the flow parameters.

3.4 Compressor Relationships

The tunnel compressor system requires special

-consideration because, unlike any of the other circuit

components, it is a pressure rise rather than a pressure-

loss component. For steady-state tunnel conditions, the

pressure rise across the compressor must be sufficient to

overcome the pressure loss in the rest of the tunnel

ducting components. The pressure rise across the

compressor, ~PT46' is expressed as a function of the inlet

total pressure, PT4 , and compressor pressure ratio, A, as

(3-23)

where the pressure ratio across the compressor is given by

A =

40
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The flow rate through the compressor 1S expressed

in terms of volume flow which is defined as

(3-25)

In order to calculate the Tunnel l6T compressor

performance in the Analytical Model for inlet tempera-

tures other than the design (or calibration) temperature

of 580 oR, values of pressure ratio, A, and inlet volume

flow, Q, are corrected using the following fan-law

relations, which are derived in Appendix A as

TT 4 (A l / 3 3.0
Ac = [1 + -1) ]

580 0 R

Ac 1/3
Qc = Q4(T)

(3-26)

(3-27)

In the Analytical Model, the corrected values of pressure

ratio, Ac ' and volume flow, Qc' are utilized to determine

compressor efficiency, n , using the data contained incomp

Figure 4.

The total temperature rise across the compressor

is calculated from the following equation for a poly-

tropic compression, which is derived in Appendix B as
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TT (;\0.286
4

-1)
(3-28)

In order to calculate the power input to the

Tunnel l6T compressor from the main drive system, the

isentropic power imparted to the airstream by the

compressor is first calculated by

The compressor efficiency is defined as the ratio of

(3-29)

isentropic shaft power, HPI, to the actual (polytropic)

shaft power, HPP

HPI
ncomp = HPP = (3-30)

The shaft power input to the compressor is therefore

given by

HPP =
C W TT (,0.286

P 4 4 A -1)
(3-31)

3.5 Main Drive System Model

The power input to the compressor Cl via the drive

shaft from the main drive system is calculated for the

polytropic compression knowing the compressor efficiency
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in Eq. (3-31). The electrical power input to the main

drive system, HPMDS, is equal to the compressor Cl shaft

power, HPP, divided by the main drive system efficiency,

nmds' Thus,

HPMDS = HPP

nmds
(3-32)

The PWT main drive system has four drive motors:

two induction and two synchronous motors. Each type of

motor has different efficiency characteristics which are

shown versus input power in Figure 9. The total

power input to the main drive system is equal to the sum

of the four drive motor powers as

HPMDS = HPMl + HPM2 + HPM3 + HPM4 (3-33)

The efficiency of the main drive system is dependent upon

the motor loading schedule and is given by

nM1HPM1+nM2HPM2+nM3HPM3+nM4HPM4
nmds = HPMDS (3-34)

In the Historical Program the power to the indi-

vidual motor is known. The efficiencies in Figure 9 are

used to calculate overall system efficiency, n d ' andm s

shaft power to the compressor.
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In the Analytical Model the required compressor

shaft power is assumed to be known and the power input to

the main drive system must be calculated. To accomplish

this a motor loading schedule based on operational experience

is used. The loading schedule produces the relation for main

drive system efficiency versus input electrical power shown

in Figure 10. These data are contained in the program in

the form of polynomial curvefits, one third-order equation

for input power less than 137 MW, and a straight line

(first-order) fit for values equal to and greater than

137 MW.

3.6 Thermodynamic Relationships

When operating at steady-state conditions,

Tunnel l6T may be considered as an isolated thermodynamic

system which receives work from an external source and

exchanges heat with a single reservoir. The irreversi­

bilities of the flow processes in the tunnel result in an

increase in entropy. The input shaft work from the main

drive system is degraded into thermal energy which is

discharged through the tunnel cooler to the cooling water.

The total temperature-entropy diagram for the

modeled flow process is shown in Figure 11.

with the assumption of an adiabatic tunnel shell, entropy

increases at constant total temperature from the inlet of
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the test section to the inlet of the compressor following

the path 1-2-3-4. Through the compressor, an isentropic

compression is indicated by path 4-5, while the actual

polytropic compression is shown by path 4-6. Through the

backleg, entropy again increases at constant total

temperature, as shown by path 6-7. Then entropy decreases

at constant pressure through the cooler indicated by path

7-l. (The cooler is considered separately from the backleg

only in terms of temperature change.)

Analysis of entropy changes across tunnel model

components is needed to assess the power dissipation for

each component. The change in entropy across a tunnel

component from temperature and pressure changes is given

in Ref. 7 as

PT TT
= -R[lN(PT

X
)] + Cp[lN(~)]

y x

The availability of a steady flow system is

(3-35)

defined as the maximum work that.9an be obtained from the

system in a given state as it passes reversibly to the

dead state, exchanging heat only with the surroundings.

The dead state is the condition of a system when it is in

thermodynamic equilibrium.
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The change in availability across a tunnel

component due to a change in entropy is then defined as

~AVL = Td (~S )xy s xy (3-36)

where Tds is the dead-state temperature of the tunnel

system.

Applying the First and Second Laws of Thermo-

dynamics to the tunnel compressor and cooler, respectively,

and noting that the work input to the compressor is equal

to the heat removed through the cooler (again neglecting

heat loss through the shell), gives

(3-37)

By noting that the change in entropy from stations 7 to 1,

~S71' is related only to a temperature change, one can

write the equation

TT
= Cp[lN(TT

1
)]

7
(3-38)

Substituting Eq. (3-38) into (3-37) and noting that W4=W7 ,

one gets

(3-39)
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For the assumptions of total temperature change only across

the compressor and cooler, it is known that TT
7

=TT
6

and

TT 4=TTl . The dead-state temperature for the 16T tunnel

model may now be written as

Tds = {3-40}

Expanding the denominator in a Taylor series gives

(TT
6

-TT1 )
= 2-----

(TT
6

+TT
1

)

2 (TT6-TT1 ) 3
+ -[ ]

3 (TT
6

+TT
1

)

2 (TT -TT ) 5
+ _[ 6 1] + •••

5 (TT
6

+TT
1

)
(3-41)

The quantity (TT6-TT1 ) is the total temperature change

across the cooler which is typically in the range of 40 to

100oR. The quantity (TT
6

+TT1 ) is on the order of 1,200oR.

Substitution of these values into Eq. (3-41) shows that

the cubic term is less than 0.5 percent of the first-order

term. Therefore, in the range of total temperature

operation in Tunnel 16T, Eq. (3-'111) may be approximated by

(3-42)
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Eq. (3-40) may now be written as

Tds = (3-43)

which is used to calculate the dead-state temperature for

each set of test conditions.

For the tunnel pressure-loss components, the inlet

and exit total temperatures are equal; therefore, the

decrease in availability is due only to the change in

total pressure

l:JAVLxy (3-44)

The dissipation of power across a tunnel component

because of the change in availability is given in Ref. 7 as

PD = W (l:JAVL )xy x xy

The total-power dissipation of Tunnel l6T is

(3-45)

calculated as the sum of the individual component power

dissipation values by

(3-46)

In order to evaluate the relative magnitude of the

power dissipation of each component with respect to the
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total power dissipation of the wind tunnel, the fractional

power dissipation is calculated as a percentage of the

total as

PO
FOP =~xy POWT (3-47)

The power extracted from the airstream as heat by

transfer to the cooling water is calculated by

(3-48)

This completes the thermodynamic analysis

equations. The remaining analysis of the primary tunnel

support system, the PES, will be discussed in the next

section.

3.7 Plenum Evacuation System Model

An empirical model of the Plenum Evacuation System

(PES) is utilized in the Analytical Model to calculate

the power and compressor configurations of this system.

As described in Section 2.0, the PES is a set of compressors

divided into two sections or increments which are used

to support the operation of the PWT wind tunnels.
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For Tunnel l6T, this support primarily involves two

distinct functions hereafter referred to as suction flow

and pressure control.

Suction flow involves the removal of a portion of

the test-leg flow through the plenum and is normally

utilized for test section Mach numbers greater than 0.75.

The ratio of the pressure at the diffuser reentry flaps

to the pressure in the plenum chamber (Figure 2)

is small and, therefore, only one stage of compressors is

required for suction flow. However, the volume flow is

large and as many as nine compressors in parallel may be

required depending on the model blockage. (Model blockage

is defined as the maximum model cross-sectional area

divided by the test section area.) The number of

compressors required for suction flow is determined by the

suction volume flow requirements.

A PES compressor performance map, Figure 12, shows

that the compressor volume flow is nearly constant in the

lower pressure ratio range for a given inlet-guide-vane

setting. In the PES algorithm, each compressor is

assumed to have a constant nominal volume flow of 4,500

cfs. This conservative estimate was selected to allow

fo~ ducting losses in the PES. The total suction volume

required for a given condition is divided by 4,500 and

rounded up to the next highest whole number to obtain the

53



AEDC-TR-84-32

4.2

3.8

3.4

o.,..
oj..>

/!J. 3.{)
QJ
~
;:,
VI
VI

~
0.. 2.6
~

o
VI
VI
QJ
~
c..
5 2.2
u
V'I
I.JJ
0..

1.8

1.4

Inlet Guide
Vane Setting.
deg--'---.....

5400520050004800460044004200
1.0 ....

4000
PES Compressor Inlet Volume Flow. cfs

Figure 12. Performance Characteristics of Plenum Evacuation
System First- and Second-Stage Compressors for an
Inlet Temperature of 100oF.

54



AEDC-TR-84-32

number of suction flow compressors required. Two PES

increments are required when the number of compressors

exceeds five.

For pressure control, as many as three stages of

compressors may be necessary to maintain very low tunnel

pressures. The number of pressure control stages required

is defined in Table 2. The volume flow requirements of the

pressure control machines are relatively small (compared to

the suction flow), so fewer compressors per stage are

required. The number of compressors required for pressure

control is assigned based on the number of stages and the

test section Mach number as shown in Table 3. This scheme

of compressor assignment is considered conservative in that

the designated configurations can always maintain the

required volume flows. The pressure control stage require­

ments are shown superimposed on a Tunnel 16T operating

envelope in Figure 13. The division of the three-stage

operation into an additional PES configuration for M>l.O

is necessary because of tunnel drying difficulties which

are normally encountered in that portion of the operating

range. Pressure control always requires only one incre­

ment of the PES and is arbitrarily assigned to the second

increment.
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Table 2. PES Pressure Control Staging Regimes

Test Section Static Number of
Pressure Stages

P > 700 psfa 1

250 < P < 700 psfa 2-

P < 250 psfa 3-

Table 3. PES Pressure Control Compressor
Configurations

Stages Mach No. Compressors Configuration

1 All 1 1 in stage 1

2 All 3 2 in stage 1
1 in stage 2

3 M < 1. 0 4 2 in stage 1
1 in stage 2
1 in stage 3

3 M > 1.0 6 4 in stage 1- 1 in stage 2
1 in stage 3
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The PES compressor configuration is identified by

the use of a code which is given in the following format:

CONPES = X.XX (3-49)

The digit to the left of the decimal point is the increment

identification (1, 2, or 3 for both increments). The

first digit to the right of the decimal point identifies

the number of stages, and the second digit to the right

of the decimal point is the number of compressors in the

first stage. The algorithm computes a separate PES

configuration for each support function.

The pressure ratios across the PES compressors are

needed for computing the power requirements for each

compressor and the PES as a whole. For suction flow, the

pressure ratio is the same for each compressor and is

assumed to be equal to the static pressure at the inlet to

the compressor divided by the test section static pressure.

The PES ducting losses between the tunnel and the inlet

and exhaust headers of the PES are assumed to be negli­

gible. The assumptions have been verified by previous

plant system experimentation. For pressure control, the

overall PES pressure ratio formula used depends upon

whether the tunnel stagnation pressure is above or below

atmospheric pressure. For tunnel stagnation pressures

below atmospheric pressure, the PES pressure control
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pressure ratio is equal to atmospheric pressure divided by

the test section free-stream static pressure. For tunnel

stagnation pressures above atmospheric pressure, the PES

pressure control pressure ratio is equal to the PES

suction flow pressure ratio. For multiple staging con-

figurations, the stage pressure ratios are defined in

Table 4.

The power requirements to drive the PES compressors

are computed from accumulated operational data in the form

of a polynomial curvefit equation. For compressors of the

first and second stages, the power can be expressed as a

function of the discharge pressure, DP, and the machine

pressure ratio, PR, using the polynomial equation

MWC = DP

-233.l+445.3(PR)-l35.6(PR)2+l4 . 6 (PR)3
(3-50)

The stage power requirement is equal to the product of the

PES compressor drive power and the number of compressors

in the stage.

The third stage compressor in each increment is

smaller in size than the first and second stage machines.

Consistent with operational data, the drive power for the

third stage compressor is 2 MW.
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Table 4. PES Compressor Pressure Ratios
for Multiple Stage Configurations

Stages Pressure Ratios

1 PRSl = PRPES

2 PRSl = 3.0

PRS2 = PRPES
3.0

3 PRSl = PRPES
5.4

PRS2 = 3.0

PRS3 = 1.8

The total plenum evacuation system power is then

obtained as the sum of the individual pressure control

stage powers and the suction flow power as

MWPES = MWSl + MWS2 + MWS3 + MWSF

60
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4.0 MODELING PROCEDURE

4.1 Historical Program

The calculation procedure for the Tunnel l6T

Historical Program is shown in the flow chart of Figure 14.

with known test section inlet conditions, station 1, and

measured static pressures at stations 2, 3, and 4, the

tunnel mass flow and the flow conditions at stations 2, 3,

and 4 are calculated using Eqs. (3-9), (3-19), and (3-8),

respectively.

solution for conditions across the compressor

cannot be solved explicitly; therefore, iteration is

required. The compressor pressure ratio, A, which is

measured, is based on static pressures; however, the total

pressure ratio is required for calculation of both the

exit total temperature, TT
6

, and the compressor efficiency,

ncomp '

total pressure ratio to the measured static pressure ratio.

Equation (3-24) gives an initial value for the

total pressure at the compressor exit, PT6 . The compressor

efficiency is then calculated from Eq. (3-30) and the

actual compressor shaft power, HPP, is solved from

Eq. (3-32). Next, an initial value of the compressor exit

total temperature, TT6 , is calculated from Eq. (3-28).
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Figure 14. Historical Program Flow Chart.
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Using this value of TT6 , a Mach number at the compressor

exit, M6 , is calculated from Eq. (3-19). Mach number M6

is used to correct the compressor exit total pressure,

PT
6

, from Eq. (3-8), and the process is repeated. The

iteration is terminated when a tolerance of O.OloR between

successive values of TT
6

is achieved.

The entropy change and power dissipation across

each of the tunnel components is calculated from

Eqs. (3-35) and (3-45), along with the fractional power

dissipation in percent of total main drive power

from Eq. (3-47).

The pressure-loss coefficient for each of the

tunnel components is calculated using the total pressure

differentials, ~PT , and component inlet dynamic pressure,
xy

q , using Eq. (3-21). The pressure-loss coefficients for
x

each of the tunnel components are plotted versus the test

section Mach number and a polynomial curvefit is applied

to each. The polynomial equation is

CPLR =
xy

5
I

i=O
(4-1)

where Ki (i=O to 5) are the polynomial coefficients.
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The coefficients of the curvefits are tabulated
,

for input to the Analytical Model. A sample set of tunnel

component curvefits with the polynomial coefficients is

shown in Figure 15.

In addition to determination of the loss coef-

ficients for use in the Analytical Model, the Hi.storical

Program may be used for analysis of tunnel performance

using an XY or diagrammatic plot option. A sample of each

is shown in Figure 16. The XY plot format can be utilized

for displaying any two tunnel parameters. The diagram­

matic plot displays the distribution of power dissipation

for a selected data point.

4.2 Analytical Model

The calculation procedure for the Tunnel 16T

Analytical Model is shown in the flow chart in Figure 17.

Test section Mach number, total pressure, and total temper-

ature are program inputs which define the conditions at

station 1. The stored polynomial pressure-loss coef-

ficients provide the necessary information, using the

polynomial equation, Eq. (3-52), to solve for the flow

conditions at stations 2, 3, and 4. An iteration similar

to the one used in the Historical Program provides

conditions across the compressor utilizing a table-look-up
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Figure 17. Analytical Model Flow Chart.
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routine of the Figure 4 data to obtain the compressor

efficiency, n ,at each iteration step.comp

Entropy change, Eq. (3-35), and power dissipation,

Eq. (3-45), across each tunnel component are calculated

and expressed as a percentage of the total main drive

power, which is calculated using the motor efficiency

information in Figure 9.

The plenum evacuation system 'model is used to

calculate the PES configuration, Eq. (3-49), and power

requirements, Eqs. (3-50) and (3-51), for each support

function.

In the basic mode described here, the Analytical

Model provides the same results as the Historical Program

(if the same pressure-loss coefficients are used). The

objective of the Ahalytical Model, which is to evaluate

the effect of changes in the pressure losses on tunnel

power, is achieved by using the model in the "ranging

mode." The ranging mode utilizes the same basic logic

flow shown in Figure 17; however, selected tunnel

parameters may be varied or ranged in amounts selected by

the user. These solutions provide the relation between

variations in nearly any tunnel parameter and the main

drive power requirements. The usefulness of this infor-

mation will be demonstrated in Section 5.0.
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5.0 RESULTS AND DISCUSSION

5.1 General

The Tunnel l6T Historical Program was utilized for

analysis of tunnel data from two Tunnel 16T test programs:

a 3-percent scale model of the space shuttle orbiter and a

6-percent scale model of the F-16 fighter aircraft. Both

models have a maximum cross-sectional area which produces

less than I-percent blockage in the l6T tunnel. These data

are representative of a typical l6T tunnel test. The

tunnel component loss coefficients from these tunnel data

which were calculated using the Historical Program were

then utilized as inputs to the Analytical Model.

5.2 Historical Program

As a means of documenting tunnel conditions and

performance, output from the Historical Program may be

displayed in either an XY plot format or in a diagrammatic

plot format. The ranges of tunnel test conditions (total

pressure, dynamic pressure, unit 'Reynolds number, and

total temperature) are shown versus test section inlet

Mach number in Figure 18 for each of the two test data

sets.
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The calculated tunnel component loss coefficients

are displayed in Figure 19. Significant variation is seen

to exist in the loss coefficients with changing Mach

number, especially in the range from M=1.2 to M=1.4.

Comparison of the loss coefficients between the two sets

of data shows some significant differences in the data

trends; however, the magnitudes are within the same

numerical ranges.

The percentage of power dissipation for each of

the tunnel components is presented in Figure 20 versus

test section Mach number. It is apparent that the highest

percentage of losses occurs in the tunnel diffuser, which

in some cases accounts for 50 percent of the tunnel main

drive power requirements. The two sets of data are seen

to exhibit similar magnitudes and trends of power dissi­

pation percentages for each of the tunnel components. The

tunnel compressor system accounts for a high percentage

of losses at the lower Mach numbers; however, this

percentage decreases as the test section Mach number

increases. This trend is attributed to operation of the

compressor at low pressure ratios, which are well away

from the design point of the machine at the lower Mach

numbers. As the Mach number and pressure ratio increase,

higher compressor system efficiencies are achieved. The

percentage of test section losses is comparatively low in
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the subsonic regime, but increases substantially at the

higher end of the Mach number range. It is expected that

the increase is a result of a normal shock located at the

exit of the test section, rather than at the diffuser

entrance for these conditions. The tailing off of the

diffuser losses at this point would support this hypothesis.

Losses in the backleg and corner 1 components appear to

be relatively independent of the test section Mach number.

Combined losses in these sections consistently account for

between 20 and 30 percent of the total.

The main drive power for each of the two test data

sets is shown versus the test section Mach number in

Figure 21. variations in the main drive power in the two

data sets are attributed to the changes in total pressure

with Mach number to obtain constant dynamic pressure and

unit Reynolds number, respectively.

Further presentation of Historical Program data

will be included in the next section of the Analytical

Model results and discussion.

5.3 Analytical Model

Comparisons of the Analytical Model and Historical

Program results for identical test conditions and loss

coefficients provide validations of the Analytical Model.

In Table 5, a comparison of component power dissipation
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Table 5. Power Dissipation Values for Tunnel Components
Historical Program and Analytical Model

Power Dissipation--Megawatts

Mach Test Corner Compo
No. Model Sect. Diff. 1 Cl Backleg Total

0.60 H 13.4 38.0 12.5 32.6 12.7 109.2
A 13.4 36.4 12.4 33.9 12.7 108.8

0.80 H 1.7 43.1 12.5 21.9 14.1 93.3
A 1.6 43.6 12.5 18.4 14.1 90.2

0.90 H 4.4 42.3 13.1 19.9 13.8 93.5
A 4.4 43.7 13.2 16.4 13.7 91.4

1.10 H 11. 6 43.5 11.5 18.4 11.4 96.4
A 11. 6 44.0 11. 6 13.4 11. 3 91.9

1.20 H 23.5 40.8 12.1 17.4 10.6 104.4
A 23.5 39.5 11.9 12.6 10.5 98.0

1.40 H 36.2 46.2 8.2 16.9 7.9 115.4
A 36.2 44.0 8.0 12.8 7.9 108.9
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values shows very good agreement for the test section,

diffuser, corner 1, and backleg components. Differences

in the power dissipation of the compressor system account

for nearly all of the discrepancy in total shaft power

between the two programs. The compressor system effi­

ciency is a rather difficult parameter to assess in the

Analytical Model, especially for operation at inlet

temperatures other than the design temperature of 1200 F

where the fan-law corrections are applied. Examination of

lines of constant efficiency in the Figure 4

compressor map gives an indication of the nonlinear

nature of the compressor efficiency along a given nozzle

contour resistance line. Errors in the Analytical Model

table-look-up routine coupled with the empirical fan-law

corrections are the source of the compressor power dissi­

pation disagreement. The maximum deviation in total shaft

power for the Analytical Model is 6 percent, which is

well within the la-percent accuracy required for

this model.

A comparison of plenum evacuation system configu­

ration and power for the Mach number range from

0.60 to 1.40 between the Historical Program and the

Analytical Model is presented in Table 6. Overall, the

results show reasonably good agreement in both power

and compressor configurations (Eq. (3~44)) between the
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Table 6. Comparison of Historical Program
and Analytical Model PES Power
and Configurations

PES Configuration

Suction PES
Mach Flow Power Suction Pressure

No. Ratio Model (MW) Flow Cont.

0.60 0.000 Historical 18.0 1.11
Analytical 10.5 1.11

0.80 0.038 Historical 28.0 1.12 1. 21
Analytical 28.2 1.13 1. 21

0.90 0.036 Historical 30.0 1.12 1.11
Analytical 32.7 1.13 1.11

1.10 0.035 Historical 28.0 1.12 1.11
Analytical 26.3 1.13 1.11

1.20 0.046 Historical 32.0 1.14 1. 21
Analytical 38.7 1.15 1.21

1.40 0.035 Historical 26.0 1.14 1.21
Analytical 26.4 1.14 1. 21
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tunnel data (Historical Program) and the PES model in the

Analytical Model. At M=0.60, the Analytical Model PES

power determination is significantly lower than the actual

PES power. This result is attributed to PES

compressors being put on unit bypass for use in estab­

lishing suction flow at the next test condition. No

consideration is made in the model to allow for this

situation. The suction flow configurations assigned in the

Analytical Model are typically one compressor higher than

the actual configuration. This is caused by the use of

4,500 cfs as the constant volume flow per compressor when

actually the compressor can maintain up to 5,200 cfs,

depending on the inlet-guide-vane setting and the machine

pressure ratio (Figure 12). Continued use of

4,500 cfs will ensure that the assigned suction flow

configurations will be capable of pumping the required

plenum flows.

As previously stated, the primary function of the

Analytical Model is to evaluate the effect of tunnel

modifications, which change the total pressure losses

across one or more tunnel components, on the tunnel power

requirements. The magnitude of the change in pressure­

loss coefficient for the tunnel component must be known or

assumed.
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The effects of reductions in the test section

losses on the main drive system power are shown in

Figure 22. utilizing the component pressure coefficients

given in Figure l5a, the Analytical Model produces

the upper curve in Figure 22. This operating condition is

termed the 100-percent case. Reducing the test section

pressure-loss coefficient by 10 percent produces the

middle curve, while reducing the pressure-loss coefficient

by 20 percent yields the lower curve. It is apparent from

this result that the reduction of losses in the test

section has little effect on the tunnel power except at

the upper end of the supersonic Mach number range. One

would expect that, in the other direction, increases in

the loss coefficient of the test section would have a

pronounced effect only at the higher Mach numbers.

Reduction of the pressure loss across the tunnel

diffuser produces the effect on tunnel power shown in

Figure 23. The curves represent 100, 90, and 80 percent

of the diffuser pressure-loss coefficient. Significant

decreases in the main drive power are achieved throughout

the Mach number range, thereby indicating that a small

increase in the diffuser total pressure recovery will

result in substantial power savings.
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Figure 22. Effect of Variation of Test Section Pressure-Loss
Coefficient on Main Drive Power.
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The effects of 10- and 20-percent reductions in the

pressure-loss coefficients for the corner 1 and backleg

components are illustrated in Figures 24 and 25,

respectively. Although the decreases in power associated

with the reduced losses are nearly constant with

increasing Mach number, the magnitudes are relatively

small. Modifications to these components to reduce pres­

sure losses would, therefore, probably not be cost

effective.

Increases in the Cl compressor efficiency of 1 and

2 percent have the effect on the tunnel main drive power

as shown in Figure 26. Modifications to the compressor

such as decreasing the rotor-to-stator seal clearances or

further optimization of the stator blade settings may

produce efficiency increases of the order shown in this

figure. The changes in the compressor efficiency produce

only small decreases in the tunnel power.

Application of the Tunnel 16T mathematical model

is demonstrated in the following example for a modifi­

cation to the tunnel diffuser which is to be completed in

1984. Based on a model diffuser study of potential

improvements, which was conducted in the Aerodynamic Wind

Tunnel (IT), it was recommended that the existing com­

pressor protective screen be redesigned and relocated to

a lower velocity region in the diffuser. Measurements
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indicated that a 2.5-percent increase in the diffuser total

pressure recovery would result from implementation of this

improvement.

Utilizing the Tunnel l6T Analytical Model, the

impact of increased diffuser recovery on the

main drive power was evaluated. For the typical test

conditions of PT=1,600 psfa and TT=570oR, the change in

main drive power for a 2.5-percent increase in the

diffuser total pressure recovery is shown in Figure 27.

In order to project the savings of the main drive

power resulting from the screen modification to an annual

savings of energy, historical records of

Tunnel l6T air-on time at the various Mach numbers are

required. This information is presented in Figure 28 in

the form of a histogram, which was formulated using tunnel

records from the past five years. By multiplying the

percentage of main drive power savings with the historical

percentage of air-on time for each Mach number and summing

over the Mach number range, the average percent

power savings is found. In this manner, the

power savings for the diffuser screen modification is found

to be 9.7 percent. Extrapolation of the

savings was required for 0.2>M>0.6 and M=1.5 because of

insufficient data. For the average annual main drive

electrical energy usage of 100,000 MW-hr, this represents
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an annual savings of 9,700 MW-hr. Using this result, an

effective annual dollar cost savings and payback period

can be established, which at current energy rates, repre­

sents an annual cost savings of $600,000.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The objective of this study was to develop and

validate a mathematical model of the PWT 16-ft Propulsion

Wind Tunnel (16T) which could be utilized to evaluate the tunnel

performance and assess the effects of potential tunnel

modifications on the main drive power requirements. The

empirically based model uses existing tunnel instru-

mentation to evaluate tunnel component performance and to

establish a data base for component pressure-loss coef­

ficients. From the comparisons of the tunnel Analytical

Model results with historic tunnel data, it is concluded

that the model gives satisfactory results.

Assessment of potential pressure-loss reductions

in the tunnel indicates that the tunnel component which

will produce the most significant energy savings is the

diffuser. Results indicate that, on the average, the tunnel

power will be decreased by about 4 percent for each I-percent

increase in diffuser recovery. Less significant savings can

be realized for improvements in the other tunnel components.

To improve the Analytical Model, the evaluation

of compressor efficiency should be improved. This may lead

to much closer agreement between the tunnel model and historic

tunnel power data.
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Finally, the Historical Program should be extended

to allow for on-line analysis of tunnel performance. Once

accomplished, the on-line model could be used to aid tunnel
\-

operators in efficient'tunnel operation.
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APPENDIX A

DERIVATION OF FAN-LAW CORRECTIONS FOR

COMPRESSOR Ci

As a means of correcting the performance parameters

for compressor Ci to reference conditions, scaling laws are

utilized which were derived from the so-called fan laws.

Basically, the fan laws state that for a given value of the

flow parameter, Q/N, the same energy addition will always

result. (Note: Q is the inlet volume flow, and N is the

rotational speed of the machine.) Alternately stated, if

the performance of the machine at one volume flow and

speed are known (condition a), then the same performance

would result for another volume flow (condition b), pro-

vided that

(A-i)

Applying the First Law of Thermodynamics for two

compressor operating points a and b, one has

Cp TT Y-i
{ 4[A Y -i]}

n a

Cp TT Y-i
= { 4[A y -i]}

Y b
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Rearranging

For operation at constant Q/N, assume nb/na=I.0.

Equation (A-3) becomes

(A-3 )

TT }-1
n
b

= {I + ( 4,a)[A y
TT4 ,b a

-.:.L
-1]Y-l (A-4 )

The effects of compressibility are accounted for by intro­

ducing the approximate relation

( Q ) =
NA 1/3 a

( Q )
NA 1/3 b

(A-5)

The 1/3 power is a modification of the y-l/y power. It

was arrived at by including compressor efficiency effects

through use of a polytropic efficiency. Using this

modified relation for a constant speed operation,

Eq. (A-4) is written

TT 1:.
A

b
= {I + ( 4, a) [A 3

TT 4 ,b a
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For the reference state b being referred to as the

corrected condition, with TT=580oR, the scaling laws used

for compressor CI are written from Eqs. (A-G) and (A-5) as

TT4 1:. 3.0
A

C
= {I + ( )[A 3 -Il}

5800 R

A 1:.
Q(~) 3

A
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APPENDIX B

DERIVATION OF ADIABATIC EFFICIENCY EQUATION FOR A

POLYTROPIC COMPRESSION

The adiabatic efficiency for the C1 compressor is

equal to the ratio of input power for the isentropic

process divided by the actual (or polytropic) input power.

This may be expressed in terms of total enthalpy, HT, as

(HT)S-(HT)4
= (HT)6-(HT)4

(CpTT)S-(CpTT)4
= (CpTT)6-(CpTT)4

(B-1)

Assuming constant specific heat, Cp, with changing

temperature, Eq. (B-1) is written as

TT
S

-TT4
ncomp = TT

6
-TT4 (B-2)

For an isentropic, ideal gas, the pressure-density

relation across the compressor is given as

= (B-3)
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which may be rewritten as

(B-4)

Rearranging this equation, one has

(B-S)

which, written in terms of total conditions is

(B-6)

Combining Eqs. (B-2) and (B-6), one obtains the relation

(B-7)

Rearranging, and noting that PTS=PT6 , and A=PT 6/PTS ' gives

y-1
TT

4
(A Y -1)

T)comp
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NOMENCLATURE

polynomials (i=O to 5)

M Mach number

Mwi Power input to PES pressure control stages,

(i=Sl, S2 and S3), MW

A

AVL

c

CONPES

Cp

CPLR

DP

F

F

FDP

g

H

HPI

HPMi

HPMDS

HPP

HT

Ki

Area, ft 2

Availability, Btu/Ibm

Speed of sound, ft/sec

PES compressor configuration

Specific heat at constant pressure, Btu/Ibm-oR

Component pressure-loss coefficient

Discharge pressure of PES compressor, psfa

Stream impulse function, Ibf

Impulse parameter

Component fractional power dissipation

Gravity, ft-lbm/sec 2-lbf

Cooler heat transfer, MW

Isentropic compressor shaft power, MW

Power input to individual main drive motors,

(i=l to 4), MW

Total power input to main drive system, MW

Polytropic compressor shaft power, MW

Total enthalpy, Btu/Ibm

Coefficients for component pressure loss

N Compressor rotational speed, rpm
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P

PD

PDWT

PR

PRi

PRPES

PRSF

PT

q

Q

R

RPR

S

T

TT

T
ds

V

W

W

WA

WP

AEDC-TR-84-3 2

Static pressure, psfa

Component power dissipation, MW

Total tunnel power dissipation, MW ­

PES compressor pressure ratio

PES stage pressure ratio (i=Sl, S2, and S3)

PES pressure control pressure ratio

PES suction flow pressure ratio

Total pressure, psfa

Dynamic pressure, psfa

Volume flow, cfs

Gas constant, ft-lbf/lbm-oR

Tunnel component total pressure recovery

Entropy, Btu/Ibm-oR

Static temperature, oR

Total temperature, oR

Dead-state temperature, oR

Velocity, ft/sec

Mass flow rate, Ibm/sec

Mass flow parameter

Test section wall angle, deg

Tunnel auxiliary mass flow rate, Ibm/sec

Greek Letters

6 Change across tunnel component

y Specific heat ratio

107



AEDC-TR-84-32

p

Compressor efficiency

Efficiency of individual main drive motors,

(i=l to A)

Efficiency of main drive system

Compressor pressure ratio

Density, Ibm/ft3

Subscripts

1 Test section inlet station

2 Diffuser inlet station

3 Corner 1 inlet station

4 Compressor inlet station

5 Compressor exit station (isentropic)

6 Compressor exit station (polytropic)

7 Backleg exit station

a Compressor operating point

b Compressor operating point

c Corrected compressor conditions (TT=5800 R)

x Component inlet station

y Component exit station
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